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M o d e r n  d e s i g n s  f o r  s t r a i g h t - b l a d e d  v e r t i c a l  a x i s  w i n d  t u r -
b i n e s  ( V A W T s ) f e a t u r e  s m a l l e r  i n d i v i d u a l  f o o t p r i n t s  t h a n  c o n v e n -
t i o n a l  h o r i z o n t a l  a x i s  w i n d  t u r b i n e s  ( H A W T s ) ,  a l l o w i n g  c l o s e r  
s p a c i n g  o f  t u r b i n e s  a n d  p o t e n t i a l l y  g r e a t e r  p o w e r  e x t r a c t i o n  
f o r  t h e  s a m e  w i n d  f a r m  f o o t p r i n t .  H o w e v e r ,  t h e  w a k e s  o f  u p -
s t r e a m  t u r b i n e s  c o u l d  p e r s i s t  f a r  e n o u g h  t o  a f f e c t  t h e  p e r f o r -
m a n c e  o f  c l o s e l y - s p a c e d  d o w n s t r e a m  t u r b i n e s .  I n  o r d e r  t o  o p -
t i m i z e  t h e  i n t e r - t u r b i n e  s p a c i n g  a n d  t o  i n v e s t i g a t e  t h e  p o t e n -
t i a l  f o r  c o n s t r u c t i v e  a e r o d y n a m i c  i n t e r a c t i o n s ,  t h e  c o m p l e x  d y -
n a m i c s  o f  V A W T  w a k e s  s h o u l d  b e  u n d e r s t o o d .  T h e  f u l l  t h r e e -
c o m p o n e n t  m e a n  v e l o c i t y  f i e l d  a r o u n d  a n d  d o w n s t r e a m  o f  a  
s c a l e d  m o d e l  o f  a  r o t a t i n g  V A W T  h a s  b e e n  m e a s u r e d  b y  M a g n e t i c  
R e s o n a n c e  V e l o c i m e t r y  ( M R V ) .  T h e  m o d e l  t u r b i n e  h a s  a n  a s p e c t  
r a t i o  ( h e i g h t / d i a m e t e r )  o f  I ,  a n d  w a s  o p e r a t e d  i n  a  w a t e r  f a c i l i t y  
a t  s u b s c a l e  b u t  s t i l l  t u r b u l e n t  R e y n o l d s  n u m b e r  o f  I  / , 6 0 0  b a s e d  
o n  t h e  t u r b i n e  d i a m e t e r .  T h e  m a i n  f l o w  f e a t u r e s  i n c l u d i n g  r e c i r -
c u l a t i o n  b u b b l e  s i z e s  a n d  s t r o n g  v o r t e x  s t r u c t u r e s  a r e  b e l i e v e d  t o  
b e  r e p r e s e n t a t i v e  o f  f l o w  a t  f u l l  s c a l e  R e y n o l d s  n u m b e r .  T o  h a v e  
k i n e m a t i c  s i m i l a r i t y  w i t h  a  p o w e r - p r o d u c i n g  t u r b i n e ,  t h e  m o d e l  
t u r b i n e  w a s  e x t e r n a l l y  d r i v e n .  M e a s u r e m e n t s  w e r e  t a k e n  w i t h  t h e  
t u r b i n e  s t a t i o n a r y  a n d  w h i l e  d r i v e n  a t  t i p  s p e e d  r a t i o s  ( T S R s )  o f  
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1 . 2 5  a n d  2 . 5 ,  r e a l i s t i c  v a l u e s  f o r  V A W T s  i n  o p e r a t i o n .  T h e  M R V  
m e a s u r e m e n t  p r o d u c e d  t h r e e - d i m e n s i o n a l  v e l o c i t y  d a t a  w i t h  a  
r e s o l u t i o n  o f  / ! 5 0  o f  t h e  t u r b i n e  d i a m e t e r  i n  a l l  t h r e e  d i r e c t i o n s .  
T h e  f l o w  i s  s h o w n  t o  b e  h i g h l y  t h r e e  d i m e n s i o n a l  a n d  a s y m m e t -
r i c  f o r  t h e  e n t i r e t y  o f  t h e  i n v e s t i g a t e d  r e g i o n  ( u p  t o  7  d i a m e t e r s  
d o w n s t r e a m  o f  t h e  t u r b i n e ) .  T h e  h i g h e r  T S R  p r o d u c e d  g r e a t e r  
v e l o c i t y  d e f e c t  a n d  a s y m m e t r y  i n  t h e  n e a r  w a k e  b e h i n d  t h e  t u r -
b i n e ,  b u t  a l s o  s h o w e d  f a s t e r  w a k e  r e c o v e r y  t h a n  t h e  s l o w e r  T S R  
a n d  s t a t i o n a r y  c a s e s .  W a k e  r e c o v e r y  i s  a f f e c t e d  b y  a  c o u n t e r -
r o t a t i n g  v o r t e x  p a i r  g e n e r a t e d  a t  t h e  u p w i n d - t u r n i n g  s i d e  o f  t h e  
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FIGURE 1: SCHEMATIC OF WATER TUNNEL 
INTRODUCTION 
A well-known limitation of renewable energy sources is 
that they are more diffuse than fossil fuels, and therefore large 
land surfaces are required to generate significant power. Wind 
energy is especially penalized, because conventional horizontal 
axis wind turbines (HAWTs) must be spaced far from each other 
(3-5 turbine diameters apart in the cross-wind direction and 6-
10 diameters apart in the downwind direction [1, 2]) to avoid 
aerodynamic interference from their long and unsteady wakes. 
The choice of wind farm sites is further influenced by zoning ac-
ceptance restrictions, which often limit the installation of wind 
turbines to remote and sometimes offshore locations, away from 
populated areas that have higher energy demands. 
Vertical-axis wind turbines (VAWTs) can be more closely 
spaced than conventional HA WTs, which points to a potentially 
greater power that can be extracted from a given wind farm foot-
print. Various observations support this view. First, the swept 
area of a VAWT can be increased independently of its footprint 
by increasing the rotor blade height. Second, recent studies show 
that the distance required to recover 95% of the upwind veloc-
ity behind a 10 m tall, 1.2 m diameter, straight-bladed VAWT 
is 4 turbine diameters, versus the 15 diameters needed for a 
HAWT [3]. Finally, it has been hypothesized that optimal lay-
outs ofVAWT arrays may benefit from constructive aerodynamic 
interactions between adjacent turbines [4]. Following these argu-
ments, it has been recently proposed that the power density of a 
VAWT array may be an order of magnitude higher with respect 
to a conventional HA WT farm. 
The above considerations on VAWTs are based on re-
sults obtained with velocity measurements of limited resolution, 
mostly confined to the vertical centerplane downstream of the 
turbine [5]. In fact, very few reports in the open literature de-
scribe the flow around VAWTs. Dixon et al. [6] investigated the 
detailed airfoil aerodynamics using two-dimensional PIV along 
a plane perpendicular to the turbine axis. Battisti et al. [7] fo-
cused on the wake characteristics along a plane normal to the 
flow, 1.5 turbine diameters downstream of the rotor axis. Fer-
reira et al. [8] looked at the shedding of tip vortices and their 
development in a VAWT wake both numerically and experimen-
tally using PIV. Hofemann et al. [9] studied the effects of blade 
tip shape on the evolution of tip vorticies in the near wake re-
gion. Ferreira et al. [10] performed phase-locked hotwire mea-
surements of streamwise velocity upstream, downstream, and at 
limited regions within a spinning VAWT. Because the flow field 
around the turbines is highly complex, there is the need for three-
dimensional and volumetric velocity measurements. 
High resolution, 3D, time-resolved simulations of the flow 
around VAWTs are still not available, and for calculations of 
large arrays they are expected to be prohibitively expensive in the 
foreseeable future. Past studies have assumed that the turbine has 
similar aerodynamics to a porous spinning cylinder [11]. Such 
simplified models need to be based on in-depth understanding of 
the fluid dynamics, and informed by reliable experimental data. 
The full three-component mean velocity field has been mea-
sured around and downstream of a scaled-down model of a ro-
tating VAWT by Magnetic Resonance Velocimetry (MRV, [12]). 
Two tip speed ratios (defined as the tangential blade velocity di-
vided by the upwind flow speed) have been investigated and com-
pared with a baseline case of the non-rotating turbine. Besides 
illustrating the wake dynamics, the results can inform low-order 
models and provide data for optimal wind farm design. 
EXPERIMENTAL METHODOLOGY 
Set-up and Flow Regimes 
Measurements are carried out using water as a working fluid, 
with the addition of copper sulfate at 0.06 mol/L, in order to en-
hance the MRV signal. The water tunnel, sketched in Fig. 1, con-
sists of several sections fabricated using stereolithography and 
assembled together in a channel 1730 mm in length. Three dif-
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F I G U R E  3 :  S C H E M A T I C  O F  H Y D R A U L I C  S P I N N I N G  
M E C H A N I S M  W I T H  P A D D L E W H E E L  A N D  G E A R I N G .  
G E A R  R A T I O  I S  C H A N G E D  T O  A C H I E V E  D E S I R E D  T S R .  
f u s e r s  t r a n s f o r m  t h e  c i r c u l a r  i n l e t  w i t h  a  d i a m e t e r  o f  3 8  m m  t o  
a  s q u a r e  s e c t i o n  o f  1 9 6  m m  b y  1 9 6  m m .  N i n e  g r i d s  i n  t h e  d i f -
f u s i n g  s e c t i o n s  p r e v e n t  s e p a r a t i o n ,  a n d  a r e  f o l l o w e d  b y  a  h o n e y -
c o m b  a n d  a  f i n a l  g r i d  t o  r e m o v e  l a r g e  s c a l e  s e c o n d a r y  f l o w s .  A  
c o n t r a c t i o n  o f  a r e a  r a t i o  1 .  7 8 :  1  c o n n e c t s  t o  t h e  1 9 6  m m  b y  1 1 0  
m m  t e s t  s e c t i o n .  T h e  l a t t e r  i s  7 6 0  m m  l o n g ,  a n d  i t s  e n d  i s  f l a n g e d  
t o  a  p i e c e  t h a t  s m o o t h l y  c o n n e c t s  t o  t h e  3 8  m m  o u t l e t .  
T h e  t u r b i n e  m o d e l  i s  d e p i c t e d  i n  F i g .  2  a n d  c o n s i s t s  o f  5  
a i r f o i l s  e x t r u d e d  b e t w e e n  t w o  5 - s p o k e  d i s k s ,  w i t h  a  p o s t  r u n n i n g  
t h r o u g h  t h e  a x i s .  N A C A 0 0 1 8  a i r f o i l s  a r e  u s e d  w i t h  a  m a x i m u m  
t h i c k n e s s  o f  1 . 8  m m ,  a n d  t h e  f i n a l  0 . 3  m m  o f  c h o r d  l e n g t h  t r u n -
c a t e d  f o r  m a n u f a c t u r a b i l i t y ,  r e s u l t i n g  i n  t r a i l i n g  e d g e  t h i c k n e s s  
o f 0 . 1 5  m m .  B o t h  t h e  d i a m e t e r  D  a n d  t h e  h e i g h t  H  o f  t h e  t u r b . i n e  
m o d e l  a r e  5 0  m m .  T h e  d e s i g n  o f  t h e  m o d e l  i s  i n f l u e n c e d  b y  5  
b l a d e d  V A  W T s  w i t h  a s p e c t  r a t i o  o f  a p p r o x i m a t e l y  1  t h a t  a r e  c o m -
m e r c i a l l y  a v a i l a b l e  f r o m  W E P O W E R .  T h e  r e s u l t s  o f  t h e  p r e s e n t  
L a s e r  D i o d e  
c:B-~"Pri'm' 
l  
P h o t o d e t e c t o r  
F I G U R E  4 :  S C H E M A T I C  O F  L A S E R  T A C H O M E T R Y  S E T U P  
S H O W I N G  L A S E R  L I G H T  P A T H  T H R O U G H  T U R B I N E .  R O -
T A T I O N  O F  T U R B I N E  C A U S E S  A I R F O I L S  T O  I N T E R R U P T  
L A S E R  L I G H T ,  W H I C H  I S  M E A S U R E D  B Y  P H O T O D E T E C -
T O R .  
s t u d y  w i l l  c o m p l e m e n t  f u t u r e  i n v e s t i g a t i o n s  o n  o n e  s u c h  V A W T .  
T h e  m o d e l  i s  m a n u f a c t u r e d  b y  s t e r e o l i t h o g r a p h y  w i t h  l e s s  t h a n  
0 . 1  m m  r e s o l u t i o n ,  e x c e p t  f o r  t h e  p o s t  w h i c h  i s  m a d e  o f  P V C  a n d  
p r e s s - f i t t e d  i n t o  t h e  t u r b i n e .  T h e  d i a m e t e r  o f  t h e  p o s t  i s  9 . 5  m m ,  
w h i c h  w a s  c h o s e n  f o r  r i g i d i t y .  T h e  p o s t  s p i n s  i n s i d e  b e a r i n g s  
e m b e d d e d  i n  t h e  w a l l  o f  t h e  t e s t  s e c t i o n  ( F i g .  3 ) .  
A t  t h e  r e l a t i v e l y  s m a l l  s c a l e  o f  t h e  p r e s e n t  s e t - u p ,  t h e  t o r q u e  
e x e r t e d  o n  t h e  t u r b i n e  b y  t h e  w a t e r  f l o w  i s  n o t  s u f f i c i e n t  t o  o v e r -
c o m e  t h e  f r i c t i o n  i n  t h e  s e a l s  a n d  b e a r i n g s .  T h e r e f o r e ,  t h e  t u r b i n e  
i s  d r i v e n  e x t e r n a l l y  a t  t h e  d e s i r e d  r o t a t i o n a l  s p e e d .  T h i s  i m p l i e s  
t h a t  t h e  e x p e r i m e n t  i s  i n  k i n e m a t i c  ( r a t h e r  t h a n  d y n a m i c )  s i m -
i l a r i t y  w i t h  a n  a c t u a l  V A W T .  S i n c e  t h e  p r e s e n c e  o f  m e t a l  n e a r  
t h e  r e g i o n  o f  i n t e r e s t  w o u l d  l e a d  t o  a r t i f a c t s  i n  t h e  M R V ,  d r i v -
i n g  t h e  t u r b i n e  w i t h  a n  e l e c t r i c  m o t o r  i s  n o t  a  p r a c t i c a l  s o l u -
t i o n .  I n s t e a d ,  a  c u s t o m  d e s i g n e d  h y d r a u l i c  s p i n n i n g  s y s t e m  i s  
e m p l o y e d .  A  s e c o n d a r y  w a t e r  c i r c u i t  d r i v e s  a  p a d d l e w h e e l ,  e n -
c l o s e d  i n  a  c h a s s i s  a t t a c h e d  t o  t h e  t e s t  s e c t i o n  i m m e d i a t e l y  b e -
l o w  t h e  t u r b i n e  ( F i g .  3 ) .  T h e  p a d d l e w h e e l  t r a n s m i t s  t h e  m o t i o n  
t o  t h e  t u r b i n e  t h r o u g h  a  g e a r i n g  s y s t e m .  T h e  f l o w  r a t e  t h r o u g h  
t h e  c h a s s i s  i s  a d j u s t e d  t o  p r o v i d e  t h e  d e s i r e d  r o t a t i o n a l  s p e e d  o f  
t h e  t u r b i n e .  T h e  l a t t e r  i s  m e a s u r e d  u s i n g  l a s e r  t a c h o m e t r y  b y  
s h o o t i n g  a  l i g h t  b e a m  a c r o s s  t h e  s p i n n i n g  t u r b i n e  w i t h  a  T h o r -
l a b s  C P S  1 8 0  l a s e r  d i o d e ,  a n d  c a p t u r i n g  t h e  c h o p p e d  i n t e n s i t y  v i a  
a  T h o r l a b s  D E T 3 6 A  p h o t o d e t e c t o r .  F i g u r e  4  i l l u s t r a t e s  t h e  m e a -
s u r e m e n t  s e t - u p .  A  r e a l - t i m e  F o u r i e r  a n a l y s i s  o f  t h e  p h o t o d e t e c -
t o r  s i g n a l  p r o v i d e s  t h e  b l a d e  p a s s i n g  f r e q u e n c y ,  h e n c e  t h e  t u r b i n e  
r o t a t i o n a l  s p e e d .  
T h e  c l o s e d - l o o p  f l o w  s y s t e m  i n c l u d e s  a  h o l d i n g  t a n k ,  f r o m  
V 0 3 B T 4 6 A 0 2 4 - 3  
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TABLE 1: GEOMETRICAL AND FLOW PARAMETERS 
Parameter Value 
D [mm] 50 
H [mm] 50 
DH [mm] 141 
Uo [m/s] 0.21 
Rebulk 32,700 
Rev 11,600 
A 0, 1.25, 2.5 
which electric pumps extract the main flow and the secondary 
flow driving the turbine, which then recirculate back to the tank. 
The elements are connected by plastic hoses, 38 mm and 25 mm 
in diameter for the main and the secondary flow, respectively. 
The main flow is driven by two Berkeley BPDHIO-L electric 
pumps, and the volume flow rate is measured by a Signet Instru-
ments 8550 Flow Transmitter connected to a 515 Paddlewheel 
Flow Sensor. The secondary flow is driven by a Little Giant TE-
6-MD-HC pump. The flow rate of the main flow is 270 1/min. 
The main flow Reynolds number, based on the channel hydraulic 
diameter DH and the bulk velocity (Uo = 0.21 m/s), is Rebutk = 
32,700, whereas the Reynolds number based on the turbine di-
ameter is Rev = 11,600. The tip speed ratio A is defined in the 
equation: 
QDj2=AVo (1) 
where Q is the rotational frequency. Three cases are considered 
and compared: A = 0, 1.25, and 2.5. These tip speed ratios are 
chosen to reflect the range typically seen in operating turbines 
and investigated in other studies .. The full scale VAWTs studied 
by Kinzel et al. [5] operate at a nominal tip speed ratio of 2.3. 
Battisti et al. measured wake profiles behind VAWTs with A = 
1.6 and A= 2.5. Simulations performed by Castelli et al. [13] on 
a 5 bladed VA WT investigated the change in power coefficient, 
Cp, with tip speed ratio over A = 1.44 to A = 3.3 and found a 
peak in Cp at A= 2.0. The main geometrical and flow parameters 
of the study are summarized in Tab. 1. 
Experimental Limitations 
The present study investigates a simplified model of realis-
tic wind turbine conditions. The Reynolds number of the present 
study is high enough to create a turbulent wake behind the model 
turbine, but is 10 to 100 times smaller than Reynolds numbers for 
operational VAWTs, which typically run at Reynolds numbers 
of 105 to 106. While this precludes a direct comparison of the 
results of the present study with measurements of full-scale tur-
bines, the fully turbulent wake suggests that the reported trends 
are expected to apply, at least qualitatively, at higher Reynolds 
number flow regimes. 
The inlet flow conditioning includes a series of diffusers, 
grids, and a contraction that reduce the freestream turbulence in 
the test section. Although the MRV measurement technique does 
not provide a quantitative measurement of the turbulence in the 
test section, studies performed on other test sections with similar 
inlet flow conditioning show low levels of freestream turbulence. 
The resulting turbulence levels are below those a VAWT would 
experience while operating in atmospheric conditions. Low lev-
els of turbulence in the turbine wake will reduce the amount of 
mixing of the wake with the faster freestream, increasing the 
wake recovery distance. 
As previously mentioned, the turbine model is externally 
driven by a paddlewheel spinning mechanism. Since energy is 
being added to the flow by the external drive system, the results 
of the present study cannot be used in a turbine performance 
analysis from an energetic standpoint. The turbine is in kine-
matic similarity, therefore the flow structures that form around 
the turbine model are expected to be independent of the energy 
added or extracted by the turbine. Further downstream, the de-
velopment of the wake is independent of the way the wake struc-
tures are formed. State-of-the-art methods for modeling wakes 
of VAWTs via CFD use a method equivalent to a driven tur-
bine. Turbine blades are modeled as actuator lines and are moved 
through the CFD domain with one-way coupling to the fluid, 
without the fluid dynamics influencing the blade movement. The 
use of a driven turbine is justified by the best practices currently 
in use by the CFD wind energy community. 
The restricted geometry of the test section causes the turbine 
model to create a significant blockage in the channel. The block-
age ratio of the turbine is 12% based on the turbine frontal area, 
or 8.4% considering turbine solidity. Similar studies have block-
age ratios of 10% to 25%, based on turbine frontal area. The 
blockage creates a vena contracta around the turbine, accelerat-
ing the flow in the freestream above that which would occur for 
a turbine operating in the open atmosphere. A large part of the 
blockage comes from the support structures of the airfoils, the 
center post and end disks, which could not be scaled to the same 
degree as the rest of the model, and are therefore larger than they 
would be in a full-scale turbine. The effect of these structures 
will be discussed in the results section on the 3D wake. The lim-
ited height of the test section also requires that the turbine model 
be located closer to the bottom wall than would occur in a VA WT 
in an operational installation. The proximity of the bottom wall 
and its effect on the wake development will be addressed in the 
results section. 
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M a g n e t i c  R e s o n a n c e  V e l o c i m e t r y  
V e l o c i t y  d a t a  a r e  o b t a i n e d  u s i n g  t h e  m e t h o d  o f  M a g n e t i c  
R e s o n a n c e  V e l o c i m e t r y  ( M R V )  d e s c r i b e d  b y  E l k i n s  e t  a l .  [ 1 2 ] .  
M R V  m a k e s  u s e  o f  a  t e c h n i q u e  s i m i l a r  t o  t h a t  u s e d  i n  m e d i c a l  
M a g n e t i c  R e s o n a n c e  I m a g i n g  ( M R I ) .  Q u a n t i t a t i v e  a s s e s s m e n t  o f  
t h e  t h r e e - c o m p o n e n t  f l o w  v e l o c i t y  i s  o b t a i n e d  d u e  t o  t h e  s e n s i -
t i v i t y  o f  t h e  p h a s e  o f  t h e  M R I  s i g n a l  t o  m o t i o n .  T h e  p r o c e d u r e  
f o r  t h e  d a t a  a c q u i s i t i o n  t e c h n i q u e  i s  d e s c r i b e d  b y  P e l c  e t  a l .  [ 1 4 ] .  
T h e  l e n g t h  o f  t h e  a c q u i s i t i o n  p r o c e s s  v a r i e s  f r o m  7  t o  1 0  m i n u t e s  
f o r  d i f f e r e n t  T S R ,  a n d  t h e  a c q u i s i t i o n  i s  n o t  p h a s e - l o c k e d  t o  t h e  
t u r b i n e  r o t a t i o n .  T h e r e f o r e  t h e  v e l o c i t y  f i e l d s  a c q u i r e d  a r e  t i m e -
a v e r a g e d  o v e r  t h e  a c q u i s i t i o n  p e r i o d .  S i x  t o  e i g h t  a c q u i s i t i o n s  a r e  
p e r f o r m e d  f o r  e a c h  r e g i o n  o f  i n t e r e s t  a n d  t h e n  a v e r a g e d .  E x p e r i -
m e n t s  a r e  p e r f o r m e d  a t  t h e  R i c h a r d  M .  L u c a s  C e n t e r  f o r  I m a g i n g  
a t  S t a n f o r d  U n i v e r s i t y .  A  3  T e s l a  G e n e r a l  E l e c t r i c  w h o l e  b o d y  
s c a n n e r  i s  u t i l i z e d .  T h r e e - c o m p o n e n t  v e l o c i t y  m e a s u r e m e n t s  a r e  
o b t a i n e d  o n  a  u n i f o r m  C a r t e s i a n  g r i d  a t  a  r e s o l u t i o n  o f  1  m m  i n  
a l l  t h r e e  d i r e c t i o n s .  T h e  s c a n n e d  v o l u m e  i n c l u d e s  b o t h  t h e  f l o w  
a n d  t h e  s o l i d  w a l l s  o f  t h e  t e s t  s e c t i o n .  T h e  w a l l  i d e n t i f i c a t i o n  i s  
p e r f o r m e d  u s i n g  a  s i m p l e  t h r e s h o l d i n g  b a s e d  o n  t h e  s i g n a l  m a g -
n i t u d e :  v o x e l s  w i t h  s i g n a l  m a g n i t u d e  s m a l l e r  t h a n  1 0  t i m e s  t h e  
m a g n i t u d e  o f  t h e  a v e r a g e  n o i s e  a r e  i d e n t i f i e d  a s  s o l i d  m a t e r i a l .  
C h a n g i n g  t h e  v a l u e  o f  t h e  t h r e s h o l d  b y  ± 2 0 %  p r o d u c e s  n o  a p -
p r e c i a b l e  d i f f e r e n c e  i n  t h e  i d e n t i f i c a t i o n  o f  t h e  s o l i d  w a l l s .  F o r  
e a c h  i n v e s t i g a t e d  c a s e  a  c o m p l e t e  r e g i o n  o f  i n t e r e s t  s p a n n i n g  t h e  
e n t i r e  d u c t  c r o s s - s e c t i o n  a n d  e x t e n d i n g  f r o m  - l A D  u p s t r e a m  t o  
6 . 9 D  d o w n s t r e a m  o f  t h e  t u r b i n e  a x i s  i s  c o n s i d e r e d .  E a c h  d a t a  
s e t  i s  t h e  c o m b i n a t i o n  o f  t w o  r e g i o n s  o f  i n t e r e s t  ( 2 3 5  m m  b y  1 1 0  
m m  b y  1 9 6  m m  e a c h ) ,  s l i g h t l y  o v e r l a p p i n g  i n  t h e  s t r e a m w i s e  d i -
r e c t i o n .  E x c l u d i n g  t h e  o v e r l a p ,  t h e  d a t a  s e t  f o r  e a c h  t i p  s p e e d  
r a t i o  i n c l u d e s  a b o u t  8 . 9  m i l l i o n  d a t a  p o i n t s .  A c q u i s i t i o n  a n d r e -
c o n s t r u c t i o n  f o r  o n e  d a t a  s e t  t a k e s  r o u g h l y  5 . 5  h o u r s .  
E x p e r i m e n t a l  U n c e r t a i n t y  
I n  M R V ,  t h e  v e l o c i t y  e n c o d i n g  ( V e n c )  v a l u e s  c o n t r o l  t h e  
m a x i m u m  m e a s u r a b l e  v e l o c i t y  t h a t  i s  f r e e  o f  a l i a s i n g .  T h e  e x -
p e c t e d  u n c e r t a i n t y  i n  t h e  M R V  m e a s u r e m e n t s  c a n  b e  c a l c u l a t e d  
f r o m  t h e  f o r m u l a  ( P e l c  e t  a l .  [ 1 4 ] ) :  
J 2 V e n c  
O v  =  n  S N R  
( 2 )  
w h e r e  t h e  s i g n a l - t o - n o i s e  r a t i o  S N R  i s  g i v e n  b y  t h e  r a t i o  o f  t h e  
s i g n a l  i n  t h e  f l o w  r e g i o n  o v e r  t h e  s i g n a l  i n  t h e  s o l i d  w a l l .  D i f f e r -
e n t  v a l u e s  o f  t h e  v e l o c i t y  e n c o d i n g  w e r e  u s e d  f o r  t h e  u p s t r e a m  
a n d  d o w n s t r e a m  r e g i o n s  o f  i n t e r e s t .  F o r  t h e  u p s t r e a m  a n d  d o w n -
s t r e a m  s e c t i o n s ,  t h e  u n c e r t a i n t i e s  i n  t h e  v e l o c i t y  w h e n  n o r m a l -
i z e d  b y  t h e  b u l k  v e l o c i t y  a r e  6 . 2 %  a n d  4 . 3 % ,  r e s p e c t i v e l y .  T h i s  
i n c l u d e s  b o t h  v e l o c i t y  m e a s u r e m e n t  u n c e r t a i n t y  a s  w e l l  a s  t h e  e f -
f e c t  o f  u n c e r t a i n t y  i n  t h e  p r e c i s e  l o c a t i o n  o f  t h e  b o u n d a r i e s .  T h e  
m a i n  f l o w  r a t e  w a s  c o n t i n u o u s l y  m o n i t o r e d  d u r i n g  t h e  m e a s u r e -
m e n t s .  F l u c t u a t i o n s  o f  t h e  f l o w  m e t e r  r e a d i n g  a n d  s m a l l  n o n -
l i n e a r i t i e s  o f  i t s  c a l i b r a t i o n  r e s u l t  i n  a n  e s t i m a t e d  u n c e r t a i n t y  i n  
t h e  R e y n o l d s  n u m b e r  b e l o w  2 % .  T h e  r o t a t i o n a l  s p e e d  o f  t h e  t u r -
b i n e  w a s  a l s o  c o n t i n u o u s l y  m o n i t o r e d  a n d  r e c o r d e d .  T h e  s i g n a l  
f r o m  t h e  p h o t o d e t e c t o r  w a s  a c q u i r e d  f o r  4  s e c o n d s  a t  4 0 0  H z .  
A  F a s t  F o u r i e r  T r a n s f o r m  ( F F T )  w a s  p e r f o r m e d  o n  t h e  a c q u i r e d  
s i g n a l ,  a n d  t h e  p e a k  f r e q u e n c y  f o r  e a c h  4  s e c o n d  i n t e r v a l  w a s  
f o u n d  o v e r  t h e  l e n g t h  o f  t h e  7  t o  1 0  m i n u t e  l o n g  a c q u i s i t i o n .  T h e  
m e a n  a n d  v a r i a n c e  o f  t h e  p e a k  f r e q u e n c i e s  g a t h e r e d  o v e r  m u l t i -
p l e  a c q u i s i t i o n s  w e r e  u s e d  t o  c a l c u l a t e  m e a n  r o t a t i o n a l  f r e q u e n c y  
a n d  i t s  u n c e r t a i n t y .  T h e  u n c e r t a i n t y  i n  t h e  m e a s u r e m e n t  o f  t h e  r o -
t a t i o n a l  f r e q u e n c y  i s  a b o u t  4 . 8 % .  T h e  v a r i a n c e  o f  t h e  r o t a t i o n a l  
f r e q u e n c y  a n d  p o s s i b l e  e r r o r s  i n  t h e  m a i n  f l o w  m e a s u r e m e n t  c o n -
t r i b u t e  t o  a n  u n c e r t a i n t y  o f  a b o u t  5 . 1 %  o n  t h e  t i p  s p e e d  r a t i o  ( a t  
9 5 %  c o n f i d e n c e  l e v e l ) .  
R E S U L T S  
T h i s  s e c t i o n  p r e s e n t s  s e l e c t e d  d a t a  f r o m  t h e  m e a n  v e l o c i t y  
f i e l d s  o b t a i n e d  f o r  t h e  t h r e e  c a s e s ,  T S R  =  0 ,  1 . 2 5 ,  a n d  2 . 5 .  T h e  
r e s u l t s  a r e  n o r m a l i z e d  b y  t h e  t u r b i n e  d i a m e t e r  D  a n d  t h e  b u l k  
v e l o c i t y  U o .  X ,  Y ,  a n d  Z  i n d i c a t e  s t r e a m w i s e ,  w a l l - n o r m a l ,  a n d  
s p a n w i s e  d i r e c t i o n ,  r e s p e c t i v e l y .  T h e  t u r b i n e  r o t a t e s  c l o c k w i s e  
f o r  a n  o b s e r v e r  l o c a t e d  a t  a  h i g h e r  Y  p o s i t i o n  a n d  l o o k i n g  d o w n  
o n t o  i t .  T h e  t u r b i n e  i s  r e p r e s e n t e d  i n  t h e  s a m e  a n g u l a r  p o s i t i o n  
i n  e a c h  p l o t .  T h i s  i s  t h e  a c t u a l  p o s i t i o n  i m p o s e d  d u r i n g  t h e  s t a -
t i o n a r y  m e a s u r e m e n t s .  
T u r b i n e  S y m m e t r y  P l a n e  
F i g u r e  5  s h o w s  s t r e a m w i s e  v e l o c i t y  c o n t o u r s  a l o n g  t h e  X Y  
s y m m e t r y  p l a n e  o f  t h e  t u r b i n e .  T h e  p r e s e n c e  o f  t h e  t u r b i n e  p r o -
d u c e s  s i g n i f i c a n t  b l o c k a g e ,  a n d  d i r e c t s  p a r t  o f  t h e  i n c o m i n g  f l o w  
a r o u n d  t h e  t u r b i n e .  B e c a u s e  o f  t h e  l i m i t e d  c h a n n e l  h e i g h t ,  t h e  
f l o w  a c c e l e r a t e s  i n  a  v e n a  c o n t r a c t a  a b o v e  t h e  t u r b i n e .  A t  T S R  
=  0  ( F i g .  S a )  t h e  w a k e  b e h i n d  t h e  t u r b i n e  a n d  t h e  h i g h  v e l o c i t y  
r e g i o n  a b o v e  p e r s i s t  f o r  t h e  e n t i r e  l e n g t h  o f  t h e  m e a s u r e m e n t  r e -
g i o n .  T h e  e x t e n t  o f  t h e  w a k e  d e c r e a s e s  f o r  i n c r e a s i n g  T S R ,  a n d  
i n d e e d  a t  T S R  =  2 . 5  ( F i g .  5 c )  t h e  v e l o c i t y  d i s t r i b u t i o n  a l o n g  t h e  
s y m m e t r y  p l a n e  a t  t h e  e n d  o f  t h e  m e a s u r e m e n t  d o m a i n  s h o w s  
l i t t l e  s i g n  o f  t h e  p r e s e n c e  o f  t h e  t u r b i n e  u p s t r e a m .  T h e s e  o b -
s e r v a t i o n s  a r e  s u p p o r t e d  b y  p r o f i l e s  o f  s t r e a m w i s e  v e l o c i t y  d i s -
p l a y e d  i n  F i g .  6 ,  w h i c h  a r e  e x t r a c t e d  a t  t h e  i n t e r s e c t i o n  o f  t h e  
t u r b i n e  s y m m e t r y  p l a n e  a n d  a  w a l l - p a r a l l e l  p l a n e  a t  t h e  t u r b i n e  
m i d  h e i g h t .  T h e  p r o f i l e s  i n d i c a t e  q u i c k e r  w a k e  r e c o v e r y  w i t h  
i n c r e a s i n g  T S R ,  w i t h  t h e  n o r m a l i z e d  s t r e a m w i s e  v e l o c i t y  U  I U o  
r e a c h i n g  0 . 9 5  a t  X  I  D  =  5 . 5  f o r  T S R  =  0 ,  X  I  D  =  4 . 0  f o r  T S R  
=  1 . 2 5 ,  a n d  X  I  D  =  2 . 1  f o r  T S R  =  2 . 5 .  T h e  r e s u l t s  o f  t h e  w a k e  
r e c o v e r y  a r e  s e e n  i n  t h e  t h e  v e l o c i t y  p r o f i l e s  o f  s t r e a m  w i s e  v e l o c -
i t y  d i s p l a y e d  i n  F i g .  7 ,  w h i c h  a r e  e x t r a c t e d  a t  X  I  D  =  6 . 5  a l o n g  
t h e  s y m m e t r y  p l a n e .  T h e  i n c r e a s i n g  u n i f o r m i t y  o f  t h e  v e l o c i t y  
V 0 3 B T 4 6 A 0 2 4 - 5  
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FIGURE 5: CONTOURS OF NORMALIZED STREAMWISE VELOCITY ALONG TURBINE SYMMETRY PLANE (ZI D = 0) 
SHOWING WAKE RECOVERY. STREAMWISE EXTENT OF DATA IS X I D = - 1.4 TO X I D = 6.9. 
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F I G U R E  6 :  P R O F I L E S  O F  S T R E A M W I S E  V E L O C I T Y  A S  
A  F U N C T I O N  O F  S T R E A M W I S E  P O S I T I O N  A L O N G  L I N E  
T H R O U G H  C E N T E R  O F  T U R B I N E  ( Y  j D  =  0 . 7 ,  Z j D  =  0 )  ( -
T S R  =  0 , - - - T S R  =  1 . 2 5 , - ·  - T S R  =  2 . 5 )  
p r o f i l e s  a r e  t h e  r e s u l t  o f  q u i c k e r  w a k e  r e c o v e r y  w i t h  i n c r e a s i n g  
T S R .  
A x i a l  S l i c e s  
F i g u r e  8  s h o w s  c r o s s - s e c t i o n s  p e r p e n d i c u l a r  t o  t h e  m a i n  
f l o w  d i r e c t i o n ,  c o l o r e d  b y  c o n t o u r s  o f  s t r e a m w i s e  v e l o c i t y  w i t h  
o v e r l a i d  v e c t o r s  o f  i n - p l a n e  v e l o c i t y .  T w o  s t r e a m w i s e  l o c a t i o n s ,  
X  I  D  =  0  a n d  X  I  D  =  1 . 3 ,  a r e  d e p i c t e d  f o r  e a c h  T S R .  F o r  T S R  =  
0 ,  t h e  w a k e  a t  X  j  D  =  1 . 3  i s  a p p r o x i m a t e l y  s y m m e t r i c  a b o u t  t h e  
s y m m e t r y  p l a n e ,  a n d  i s  l a r g e l y  c o n t a i n e d  i n  t h e  a r e a  p r o j e c t e d  
b y  t h e  t u r b i n e .  W i t h  i n c r e a s i n g  T S R  t h e  w a k e  b e c o m e s  w i d e r  
a n d  m o r e  a s y m m e t r i c .  T h e  r o t a t i o n  o f  t h e  t u r b i n e  i n d u c e s  t w o  
c o u n t e r - r o t a t i n g  v o r t i c e s ,  o r i g i n a t i n g  f r o m  t h e  s i d e  o f  t h e  t u r b i n e  
t h a t  m o v e s  a g a i n s t  t h e  i n c o m i n g  f l o w .  T h e  v o r t i c e s ,  w h i c h  a r e  
s t r o n g e r  f o r  h i g h e r  T S R ,  e n t r a i n  f l u i d  f r o m  t h e  h i g h  v e l o c i t y  r e -
g i o n s  a b o v e  a n d  o n  t h e  o p p o s i t e  s i d e  o f  t h e  t u r b i n e .  B y  i n j e c t i n g  
h i g h  m o m e n t u m  f l u i d  i n  t h e  w a k e  r e g i o n ,  t h i s  m e c h a n i s m  c a u s e s  
t h e  w a k e  t o  r e c o v e r  f a s t e r ,  a s  i n d i c a t e d  i n  F i g .  6 .  T h e  s t r e n g t h  o f  
t h e  c o u n t e r - r o t a t i n g  v o r t e x  p a i r  i s  l i k e l y  r e d u c e d  d u e  t o  t h e  p r e s -
e n c e  o f  t h e  e n d  d i s k s  s u p p o r t i n g  t h e  t u r b i n e  b l a d e s .  I n  t u r b i n e  
d e s i g n s  w i t h o u t  e n d  d i s k s ,  t h e  t i p  v o r t i c e s  s h e d  b y  t h e  b l a d e s  
w o u l d  b e  s t r o n g e r ,  m i x i n g  m o r e  f r e e s t r e a m  f l u i d  w i t h  t h e  w a k e  
a n d  q u i c k e n i n g  w a k e  r e c o v e r y .  
T h e  e f f e c t  o f  t h e  b o t t o m  w a l l  o f  t h e  t e s t  s e c t i o n  o n  t h e  w a k e  
d e v e l o p m e n t  c a n  b e  s e e n  i n  F i g u r e s  5  a n d  8 .  T h e  p r o x i m i t y  o f  
t h e  t u r b i n e  t o  t h e  b o t t o m  w a l l  c a u s e s  t h e  t u r b i n e  w a k e  t o  i n t e r a c t  
w i t h  t h e  b o u n d a r y  l a y e r .  T h e  s t r e n g t h  a n d  c o h e s i v e n e s s  o f  t h e  
b o t t o m  v o r t e x  o f  t h e  v o r t e x  p a i r  a r e  r e d u c e d  d u e  t o  t h e  p r e s e n c e  
o f  t h e  w a l l ,  a s  s h o w n  i n  t h e  v e l o c i t y  v e c t o r s  i n  F i g u r e s  8 b ,  S d ,  
a n d  S f .  A d d i t i o n a l l y ,  t h e  p r e s e n c e  o f  t h e  b o t t o m  w a l l  k e e p s  t h e  
s t r e a m  w i s e  v e l o c i t y  o f  t h e  f l u i d  b e l o w  t h e  t u r b i n e  l o w e r  t h a n  t h e  
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F I G U R E  7 :  V E R T I C A L  P R O F I L E S  O F  S T R E A M W I S E  V E -
L O C I T Y  A L O N G  T U R B I N E  S Y M M E T R Y  P L A N E  ( Z j D  =  0 )  
A T  X j D  =  6 . 5  ( - T S R  =  0 , - - - T S R  =  1 . 2 5 , - · - T S R  =  2 . 5 )  
a c c e l e r a t e d  f l u i d  a b o v e  t h e  t u r b i n e .  T h e r e f o r e  n o t  o n l y  i s  t h e  
b o t t o m  v o r t e x  o f  t h e  p a i r  w e a k e r ,  b u t  i t  i s  a l s o  o n l y  a b l e  t o  m i x  
s l o w  v e l o c i t y  f l u i d  i n  t h e  b o u n d a r y  l a y e r  w i t h  t h e  f l u i d  i n  t h e  
w a k e .  T h e  t o p  v o r t e x  i s  a b l e  t o  m i x  h i g h e r  v e l o c i t y  f l u i d  i n t o  
t h e  w a k e ,  a s  i s  s e e n  a t  t h e  t o p  o f  t h e  w a k e  i n  F i g u r e s  S d  a n d  S f .  
T h i s  a m o u n t s  t o  a  t o p - b o t t o m  a s y m m e t r y  i n  t h e  w a k e  r e c o v e r y ,  
e v i d e n t  i n  F i g u r e  5 .  
3 D  W a k e  
T h e  l o c a t i o n  a n d  e x t e n t  o f  t h e  r e v e r s e  f l o w  r e g i o n  i n  
t h e  v i c i n i t y  o f  t h e  t u r b i n e  i s  o f  p a r t i c u l a r  i m p o r t a n c e  i n  
f i e l d  m e a s u r e m e n t s  b e h i n d  V A W T s ,  w h e r e  s i n g l e - p o i n t ,  s i n g l e -
c o m p o n e n t  p r o b e s  a r e  o f t e n  u s e d .  S u c h  p r o b e s  t y p i c a l l y  c a n n o t  
d i s c e r n  b e t w e e n  f o r w a r d  a n d  r e v e r s e d  f l o w .  F i g .  9  s h o w s  3 D  
i s o s u r f a c e s  a t  U  / U o  =  0 ,  t h a t  e n c l o s e  t h e  v o l u m e  o f  r e v e r s e  f l o w  
a r o u n d  a n d  b e h i n d  t h e  t u r b i n e  f o r  e a c h  c a s e .  B o t h  l a t e r a l  a n d  
t o p  v i e w s  a r e  s h o w n .  T h e  v o l u m e  o f  t h e  r e v e r s e  f l o w  r e g i o n  
i n c r e a s e s  w i t h  t i p  s p e e d  r a t i o .  F o r  t h e  s t a t i o n a r y  t u r b i n e  ( F i g .  
9 a , 9 b  ) ,  t h e  r e v e r s e  f l o w  r e g i o n s  a r e  m a i n l y  d u e  t o  t h e  w a k e s  b e -
h i n d  t h e  i n d i v i d u a l  a i r f o i l s  o n  t h e  t u r b i n e  a n d  t h e  p o s t  t h e  t u r -
b i n e  i s  m o u n t e d  o n .  F o r  t h e  r o t a t i n g  t u r b i n e ,  t h e  r e v e r s e  f l o w  
b e h i n d  t h e  a i r f o i l s  a n d  p o s t  a r e  n o  l o n g e r  v i s i b l e ,  a n d  a  r e v e r s e  
f l o w  r e g i o n  c a u s e d  b y  t h e  m o v e m e n t  o f  t h e  t u r b i n e  a g a i n s t  t h e  i n -
c o m i n g  f l o w  d e v e l o p s .  T h e r e  e x i s t s  a  s m a l l  r e c i r c u l a t i o n  r e g i o n  
d o w n s t r e a m  o f  t h e  p o s t  ( n o t  v i s i b l e  i n  F i g .  9 ) ,  t h a t  i s  l a r g e r  t h a n  
w o u l d  o c c u r  f o r  a  f u l l - s c a l e  t u r b i n e ,  d u e  t o  t h e  r e l a t i v e l y  l a r g e  
s i z e  o f  t h e  p o s t  u s e d  i n  t h e  p r e s e n t  s t u d y .  A t  T S R  =  1 . 2 5  ( F i g .  
9 c , 9 d )  t h e  r e v e r s e  f l o w  r e g i o n  i s  f o u n d  b e h i n d  t h e  t u r b i n e  s i d e  
m o v i n g  a g a i n s t  t h e  m a i n  f l o w .  T h e  a i r f o i l s  a r e  m o v i n g  o n l y  2 5 %  
f a s t e r  t h a n  t h e  i n c o m i n g  f l o w ,  t h e r e f o r e  o n l y  a  s m a l l  v o l u m e  o f  
f l u i d  i s  p r o p e l l e d  u p s t r e a m .  A t  T S R  =  2 . 5  ( F i g .  9 e , 9 f )  t h e  h i g h e r  
v e l o c i t y  o f  t h e  a i r f o i l s  p r o d u c e s  a  r e v e r s e  f l o w  t h a t  s p a n s  t h e  e n -
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F I G U R E  9 :  3 D  I S O S U R F A C E S  O F  U  / U o  =  0  I N  N E A R  W A K E  O F  T U R B I N E .  V O L U M E  E N C L O S E D  B Y  I S O S U R F A C E  I N -
C R E A S E S  W I T H  T S R .  
t i r e  u p w i n d - m o v i n g  s i d e  o f  t h e  t u r b i n e .  M o r e o v e r ,  a  r e v e r s e  f l o w  
a r e a  e x i s t s  o n  t h e  o p p o s i t e  s i d e  o f  t h e  t u r b i n e .  T h i s  i s  b e c a u s e  
t h e  h i g h  T S R  c a u s e s  s i g n i f i c a n t  t a n g e n t i a l  f l o w  v e l o c i t y  a l o n g  
t h e  d o w n w i n d - m o v i n g  s i d e ,  r e s u l t i n g  i n  h i g h  s p a n w i s e  v e l o c i t y  
c o m p o n e n t  ( s e e  F i g .  8 ) ,  w h i c h  d i r e c t s  t h e  f l o w  l a t e r a l l y  a r o u n d  
t h e  t u r b i n e  r a t h e r  t h a n  t h r o u g h  i t .  T h e  e f f e c t  o f  t h e  e n d  d i s k s  
c a n  b e  s e e n  i n  t h e  l a t e r a l  v i e w s  o f  t h e  3 D  i s o s u r f a c e s  ( F i g s .  9 c ,  
9 e ) .  A t  T S R  =  1 . 2 5 ,  t h e  r e v e r s e  f l o w  r e g i o n  f o r  0  <  X / D  <  0 . 5  
i s  l o c a t e d  b y  t h e  e n d  d i s k s  a t  t h e  t o p  a n d  b o t t o m  o f  t h e  t u r b i n e .  
T h e  f l u i d  n e a r  t h e  e n d  d i s k s  i s  a l w a y s  i n  c o n t a c t  w i t h  a  m o v i n g  
s o l i d  s u r f a c e ,  a s  o p p o s e d  t o  t h e  m i d d l e  o f  t h e  t u r b i n e ,  w h e r e  t h e  
s o l i d  b l a d e s  a r e  o n l y  p r e s e n t  3 2 %  o f  t h e  t i m e .  A t  T S R  =  2 . 5 ,  
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F I G U R E  1 1 :  H O R I Z O N T A L  P R O F I L E S  O F  S T R E A M W I S E  
V E L O C I T Y  A L O N G  T U R B I N E  M I D  H E I G H T  ( Y  /  D  =  0 .  7 )  
A T  X /  D  =  6 . 5  ( - T S R  =  0 ,  - - - T S R  =  1 . 2 5 ,  - ·  - T S R  
=  2 . 5 )  
t h e  r e v e r s e  f l o w  r e g i o n  e x t e n d s  o v e r  t h e  f u l l  h e i g h t  o f  t h e  t u r b i n e  
( F i g .  9 e ) .  T h e  m o v e m e n t  o f  t h e  b l a d e s  a l o n e  i s  e n o u g h  t o  c a u s e  
r e v e r s e  f l o w  i n  t h e  m i d d l e  o f  t h e  t u r b i n e ,  w i t h o u t  t h e  i n f l u e n c e  o f  
t h e  e n d  d i s k s .  
W a l l - P a r a l l e l  P l a n e  
F i g u r e  1 0  s h o w s  c o n t o u r s  o f  s t r e a m w i s e  v e l o c i t y  a l o n g  t h e  
w a l l - p a r a l l e l  p l a n e  a t  t h e  m i d  h e i g h t  o f  t h e  t u r b i n e  ( Y  /  D  =  0 .  7 ) .  
T h e  n e a r  w a k e  o f  t h e  s t a t i o n a r y  t u r b i n e  i s  t h e  c o m b i n a t i o n  o f  t h e  
i n d i v i d u a l  w a k e s  o f  t h e  t u r b i n e  a i r f o i l s  a n d  t h e  c e n t e r  p o s t ,  a n d  
i s  a p p r o x i m a t e l y  s y m m e t r i c  a b o u t  t h e  t u r b i n e  s y m m e t r y  p l a n e .  
T h e  r o t a t i o n  o f  t h e  t u r b i n e  i n  t h e  r o t a t i n g  t u r b i n e  c a s e s  c a u s e s  a  
l a r g e r ,  c o n n e c t e d  w a k e  r e g i o n  b e h i n d  t h e  t u r b i n e  t h a t  p e r s i s t s  u p  
t o  a b o u t  X /  D  =  2 .  I n  t h i s  r e g i o n ,  t h e  h i g h e r  t h e  T S R ,  t h e  l a r g e r  
t h e  a s y m m e t r y  a n d  t h e  v e l o c i t y  d e f e c t  o f  t h e  w a k e .  H o w e v e r ,  
f o r  a p p r o x i m a t e l y  X /  D  >  2 ,  t h e  e n t r a i n m e n t  o f  f a s t e r  f l u i d  b y  
t h e  c o u n t e r - r o t a t i n g  v o r t i c e s  ( s h o w n  i n  F i g .  1 0 )  c a u s e s  a  f a s t e r  
r e c o v e r y  i n  t h e  w a k e  a t  T S R  =  2 . 5  t h a n  a t  T S R  =  1 . 2 5 ,  a n d  b y  
t h e  d o w n s t r e a m  e n d  o f  t h e  m e a s u r e m e n t  d o m a i n  t h e  f o r m e r  c a s e  
s h o w s  l e s s  a s y m m e t r y  t h a n  t h e  l a t t e r .  T h e  p r e s e n t  e x p e r i m e n t s  d o  
n o t  c h a r a c t e r i z e  t h e  t u r b u l e n c e  i n t e n s i t y ,  b u t  i t  i s  l i k e l y  t h a t  t h e  
h i g h e r  T S R  w o u l d  b e  a s s o c i a t e d  t o  a  m o r e  t u r b u l e n t  w a k e ,  w h i c h  
e n h a n c e s  t h e  m o m e n t u m  m i x i n g  a n d  c o n t r i b u t e s  t o  s m e a r  o u t  
t h e  v e l o c i t y  d e f e c t .  F i g u r e  1 1  s u b s t a n t i a t e s  t h e  d i s c u s s i o n  a b o v e ,  
p r e s e n t i n g  p r o f i l e s  o f  s t r e a m  w i s e  v e l o c i t y  e x t r a c t e d  a t  X /  D  =  
6 . 5  a l o n g  t h e  p l a n e  a t  Y  / D  =  0 . 7 .  T h e  p r o f i l e  o f  t h e  s t a t i o n a r y  
t u r b i n e  i s  n e a r l y  s y m m e t r i c ,  w h i l e  t h e  p r o f i l e s  b e h i n d  t h e  r o t a t i n g  
t u r b i n e  s h o w ,  a t  t h i s  s t a t i o n ,  a  s o m e w h a t  m o r e  a s y m m e t r i c  w a k e  
a t  T S R  =  1 . 2 5  t h a n  a t  T S R  =  2 . 5 .  
C O N C L U S I O N S  
T h e  t h r e e - d i m e n s i o n a l  m e a n  f l o w  f i e l d  a r o u n d  a n d  d o w n -
s t r e a m  o f  a  V A  W T  w a s  m e a s u r e d  a t  t i p  s p e e d  r a t i o s  b e t w e e n  z e r o  
a n d  2 . 5 .  I n  o r d e r  t o  p r o v i d e  i n d i c a t i o n s  f o r  t h e  l a y o u t  a n d  s p a c i n g  
o f  d e n s e  t u r b i n e  a r r a y s ,  t h e  f o c u s  o f  t h i s  w o r k  w a s  o n  t h e  s t r u c -
t u r e  a n d  e x t e n t  o f  t h e  w a k e .  F o r  t h e  h i g h e r  T S R ,  i n  t h e  v i c i n -
i t y  o f  t h e  t u r b i n e  ( u p  t o  t w o  t u r b i n e  d i a m e t e r s  f r o m  i t s  a x i s )  t h e  
w a k e  i s  m o r e  a s y m m e t r i c  a n d  d i s p l a y s  s t r o n g e r  v e l o c i t y  d e f e c t .  
A  l a r g e  r e v e r s e  f l o w  r e g i o n  f o r m s  i n  t h e  n e a r  w a k e ,  e x t e n d i n g  
o n  b o t h  s i d e s  o f  t h e  t u r b i n e  a x i s .  H o w e v e r ,  f u r t h e r  d o w n s t r e a m  
t h e  w a k e  r e c o v e r s  m o r e  q u i c k l y  f o r  h i g h e r  T S R .  T h i s  i s  d u e  t o  
a  p a i r  o f  c o u n t e r - r o t a t i n g  v o r t i c e s ,  g e n e r a t e d  o n  t h e  s l o w e r  s i d e  
o f  t h e  w a k e ,  w h i c h  e n t r a i n  h i g h  m o m e n t u m  f l u i d .  T h e  v o r t e x  
s t r e n g t h ,  a n d  t h e r e f o r e  t h e  w a k e  r e c o v e r y ,  i s  e n h a n c e d  w i t h  i n -
c r e a s i n g  t i p  s p e e d  r a t i o .  I n d e e d  t h e  f l o w  a l o n g  t h e  v e r t i c a l  s y m -
m e t r y  p l a n e  c l e a r l y  s h o w s  a  q u i c k e r  w a k e  r e c o v e r y  b e h i n d  t h e  
r o t a t i n g  t u r b i n e  c o m p a r e d  t o  t h e  n o n  r o t a t i n g  o n e ,  a n d  m o r e  s o  
a t  h i g h e r  T S R .  I t  i s  c o n c l u d e d  t h a t ,  i f  o n e  l i m i t s  t h e  a n a l y s i s  t o  
t h e  m e a n  f l o w ,  h i g h e r  T S R s  a r e  b e n e f i c i a l  f o r  t h e  s a k e  o f  m i n -
i m i z i n g  a e r o d y n a m i c  i n t e r f e r e n c e  b e t w e e n  V A W T s  b y  r e d u c i n g  
t h e  e x t e n t  o f  a n  i n d i v i d u a l  t u r b i n e ' s  w a k e .  T h e  p r e s e n t  a n a l y s i s  
i s  s t r i c t l y  v a l i d  o n l y  f o r  t h e  s p e c i f i c  t u r b i n e  g e o m e t r y  s t u d i e d .  
F u r t h e r  r e s e a r c h  i s  w a r r a n t e d  t h a t  e x p l o r e s ,  f o r  e x a m p l e ,  t h e  e f -
f e c t  o f  t h e  a s p e c t  r a t i o .  I n  g e n e r a l ,  t h e  p r e s e n t  s t u d y  i n d i c a t e s  
t h a t  t h e  t h r e e - d i m e n s i o n a l  d e s c r i p t i o n  o f  t h e  f l o w  i s  c r i t i c a l  f o r  
c h a r a c t e r i z i n g  t h e  w a k e  o f  a  V A  W T .  
T h e  d e s i g n  o f  s p a c e - e f f i c i e n t  w i n d  f a r m s  o f  v e r t i c a l  a x i s  
w i n d  t u r b i n e s  w i l l  r e q u i r e  t h e  u s e  o f  a c c u r a t e  c o m p u t a t i o n a l  
m o d e l s .  S t a t e - o f - t h e - a r t  m o d e l s  o f  V A W T s  u s e  t h e  a c t u a t o r  
l i n e  m e t h o d  t o  s i m u l a t e  t u r b i n e  b l a d e s  r o t a t i n g  i n  a  f l o w  f i e l d ,  
b u t  a t  p r e s e n t ,  t h e r e  i s  a n  a b s e n c e  o f  h i g h - r e s o l u t i o n ,  t h r e e -
d i m e n s i o n a l ,  t h r e e - c o m p o n e n t  v e l o c i t y  m e a s u r e m e n t s  n e e d e d  t o  
e v a l u a t e  s u c h  m o d e l s .  T h e  p r e s e n t  s t u d y  p r o v i d e s  d a t a  a g a i n s t  
w h i c h  m o d e l s  s u c h  a s  t h e  a c t u a t o r  l i n e  m o d e l  c a n  b e  v a l i d a t e d .  
T h e  t h r e e - d i m e n s i o n a l  n a t u r e  o f  t h e  t u r b i n e  w a k e  e x p o s e d  b y  
t h e  p r e s e n t  s t u d y  c a l l s  i n t o  q u e s t i o n  n u m e r i c a l  s i m u l a t i o n s  o f  t h e  
w a k e  p e r f o r m e d  i n  2 D .  A l t h o u g h  s u c h  s i m u l a t i o n s  w o u l d  n o t  b e  
a b l e  t o  c a p t u r e  t h e  f u l l  w a k e  b e h a v i o r  a  p r i o r i ,  t h e y  m a y  b e  n e c -
e s s a r y  t o  r e d u c e  t h e  c o s t  o f  t h e  s i m u l a t i o n  o f  a n  e n t i r e  w i n d  f a r m .  
A s  s u c h ,  t h e  r e s u l t s  o f  t h e  p r e s e n t  s t u d y  c a n  b e  u s e d  t o  i m p r o v e  
2 D  m o d e l s  o f  t h e  w a k e  d e v e l o p m e n t ,  t o  b e  a p p l i e d  a t  t h e  m i d d l e  
o f  t h e  t u r b i n e  a w a y  f r o m  t h e  e n d s .  T o  b e  f u r t h e r  a p p l i c a b l e  t o  t h e  
o p t i m i z a t i o n  o f  V A W T  a r r a y s  i n  a  w i n d  f a r m  a r r a n g e m e n t ,  f u t u r e  
w o r k  w i l l  f o c u s  o n  t h e  i n t e r a c t i o n  o f  w a k e s  o f  t w o  t u r b i n e s .  
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